Abstract: Photoluminescence (PL) and radioluminescence (RL) from Dy 3+ and Nd 3+ were observed in the fluoroperovskite host NaMgF 3 at visible and near infrared wavelengths. In the case of NaMgF 3 :Dy
Introduction
The luminescence of inorganic solids has been the subject of numerous investigations for their potential uses in various technological applications, including radiation dosimetry [1] . Optical dosimetry research is often focused on latent stimulated luminescence properties, namely thermally stimulated luminescence (TSL) and optically stimulated luminescence (OSL) observed in many inorganic materials. Also of interest for dosimetry is the X-ray luminescence, or radioluminescence (RL), observed during irradiation.
Dosimetry applications seeking to relate the radiation luminescence of a material to dose absorbed in human soft tissues require the radiological properties of said luminescent material to mimic those of the most common dosimetric surrogate: water [2] . Largely for this reason, TSL in LiF has been the workhorse of medical and personal dosimetry for many years [3] , somewhat displaced only in recent years by OSL systems based on α-Al 2 O 3 :C [1] .
For radiotherapy applications, it is of interest to couple luminescent materials to optical fibres for remote readout [4] . Such instruments exhibit many desirable properties, including mechanical robustness and high spatial resolution, but suffer a significant optical stem effect when the transmission optics are exposed to high energy X-rays. This stem effect, often referred to as the Čerenkov background, arises from the capture of Čerenkov and auto-fluorescence photons in fibre optics exposed to ionising radiation. Typically the Čerenkov component is dominant. These background emissions are prompt, usually with sub-nanosecond lifetimes, and in the case of Čerenkov photons have a theoretical λ -2 spectral intensity where λ is the emission wavelength [5] . Previously investigated techniques to suppress this stem signal include chromatic discrimination [6] , air cored fibres [7] , and temporal gating [8] .
NaMgF 3 is a transparent inorganic crystalline solid with theoretical radiological properties, specifically X-ray mass attenuation coefficient and effective atomic number, slightly closer to that of soft tissue than is the case for α-Al 2 O 3 :C [9] . We have been researching this material for radiotherapy applications, previously focusing on the ultraviolet emitter Eu 2+ in bulk crystals [10] , and the Eu 3+ and Mn 2+ emissions in nanoparticles [11] . The perovskite structure of this crystal has two cation sites with sufficient contrast in ionic radius to readily accommodate both transition metals and rare earth dopants. This allows considerable flexibility in the tailoring of luminescence properties for dosimetry applications. Specifically, it should be possible to dope NaMgF 3 with a luminescent species which emits in the near infrared with a lifetime on the order of milliseconds. Such a material would emit against a reduced Čerenkov background with respect to visible wavelength emitters. Residual background could then be suppressed temporally in suitably pulsed X-ray sources.
In this report photoluminescence (PL) and radioluminescence data are presented for the near tissue equivalent fluoroperovskite crystal NaMgF 3 doped with Dy 3+ or Nd 3+ . We show that both PL and RL is observed from Dy 3+ and Nd 3+ and that the Dy 3+ PL emission lifetime is long enough for temporal gating of prompt emissions.
Materials and methods
Bulk samples were prepared by heating a powdered mixture of the required fluorides within a vitreous carbon crucible to above the melting temperature of NaMgF 3 of 1030°C [12] . The melt was then cooled through this temperature over the course of a day to form transparent polycrystalline samples. X-ray diffraction measurements showed that all samples were single phase. Molar concentration of the Dy 3+ and Nd 3+ dopants was 0.7% and 0.6% respectively, a level for which the optical and radiological properties of the host crystal are negligibly perturbed.
A Horiba Fluorolog spectrofluorometer was used for PL measurements. This spectrally corrected instrument covers between approximately 250-850 nm using a multi-alkali photo-multiplier, and to 1550 nm with a liquid N 2 cooled InGaAs photodiode. PL lifetime measurements were made with pulsed broadband LED sources in this same spectrometer. It was not possible to measure lifetimes in the near infrared with this equipment.
For RL spectroscopy of the NaMgF 3 :Dy 3+ sample an Ocean Optics USB4000 fibre optic CCD spectrometer fitted with a fixed grating of 300 nm blaze was used. The limiting resolution was approximately 2 nm. In the case of the Nd 3+ doped sample, the RL emission was not of sufficient intensity to utilise this spectrometer, and so an Ocean Optics USB2000 with a much wider entrance slit was used instead. The corresponding spectral resolution of this device is approximately 7.5 nm. Radioluminescence was excited in small bulk samples exposed to high intensity X-rays from a tungsten tube operating at 40 kV and 40 mA with 0.7 mm of aluminium filtration. The dose rate at the crystal surface was constant at approximately 2 Gy/s. All spectroscopic measurements were performed with samples at room temperature.
Results and discussion
PL emission from the NaMgF 3 :Dy 3+ activated crystal excited at 350 nm can be seen in Figure 1 . In comparing with existing literature [13, 14] all PL peaks can be assigned to known transitions within the 4f 9 H 13/2 transition. The appearance of long wavelength emissions is desirable for applications in fibre coupled dosimetry for radiotherapy as the intensity of background Čerenkov emissions is greatly reduced in this spectral region. Higher energy PL excitation peaks can be seen in Figure 1 and are reconcilable with the known energy levels of Dy 3+ . The RL spectra from NaMgF 3 :Dy 3+ is also plotted in Figure 1 . The RL emissions at 20,833 cm -1 (480 nm), 17,544 cm -1 (570 nm), 15,152 cm -1 (660 nm), and 13,333 cm -1
(750 nm) were also seen in the PL data, and are similarly attributed to Dy 3+ . Differences in relative intensity between these four emissions with respect to the PL emission intensities are owing to the combined spectral response of the silicon CCD sensor and silica fibre optic used for this measurement.
Time dependence of RL intensity is plotted in the inset of Figure 1 for the four Dy 3+ emission peaks seen in the RL spectra. The initial growth of RL intensity with accumulated dose is due to the competing charge trapping and recombination processes which occur under X-ray excitation [1] . Eventually the population of trapped charge carriers saturates and this effect becomes negligible. At higher doses, the observed RL intensity starts to decrease for the 20,833 cm -1 (480 nm), 17,544 cm -1 (570 nm), and 15,152 cm -1 (660 nm) RL emissions. This is owing to the creation of F and F aggregate colour centres with broad optical absorptions at visible and ultraviolet wavelengths [15] , which reduces the intensity of detectable RL. These absorptions have no detectable effect for the 13,333 cm -1 (750 nm) emission where the RL intensity appears independent of accumulated dose. 
where τ is the PL lifetime and β is the stretched exponential exponent that can vary from 0 to 1. Equation (1) reduces to a single exponential decay for β = 1. While the interpretation of systems with β < 1 is unclear, it is often taken to indicate a distribution of lifetimes, both radiative and non-radiative, owing to an inherent structural disorder [16] . For both PL emissions, the fitted decay lifetime, τ, was 1.7 ms, the stretch factor, β, was 0.92, and the coefficient of determination, R 2 , was 1. As mentioned above, the origin of the stretched exponential behaviour is not clear. In the case of NaMgF 3 :Dy 3+ this may indicate a distribution of non-radiative decay centres, perhaps owing to a range of inequivalent dopant sites arising from impurity and charge compensation defects. The long wavelength RL emission and long PL lifetimes of NaMgF 3 :Dy 3+ are both potentially useful characteristics for applications in fibre coupled radiotherapy dosimetry. Modern medical accelerators are typically of cyclic design and so deliver radiation in pulses. Individual X-ray pulses are nominally below 10 µs in duration in common implementations, considerably shorter than the observed Dy 3+ PL lifetime of 1.7 ms, with an operating duty cycle well below 1% [17] . Thus efficient temporal separation of the long lived Dy 3+ emission from the prompt Čerenkov and auto-fluorescence stem signals should be possible. 570 nm, blue) . The same stretched exponential fit is applied to both emission wavelengths, with τ = 1.7 ms and β = 0.92. This emission is sufficiently long lived for efficient gating of a prompt background signal in low duty cycle pulsed X-ray radiations (see online version for colours) Figure 3 illustrates the PL emission and excitation from NaMgF 3 3+ seen in other hosts [16] . As for NaMgF 3 :Dy 3+ , long wavelength emissions are potentially beneficial in fibre coupled dosimeter applications given the reduced theoretical intensity of Čerenkov emissions in the near infrared.
The PL decay of the Nd 3+ emission was considerably shorter than that observed in the Dy 3+ doped sample and could not be robustly fitted. Thus, it is unlikely that RL emissions observed in the Nd 3+ sample are sufficiently long lived for efficient suppression of stem signal as proposed for NaMgF 3 :Dy 3+ .
A very weak RL emission spectrum was measured with low resolution, capturing little more than the 4 F 3/2 → 4 I 9/2 emission in the region of 11,000 cm -1 , as can be seen in Figure 3 . It was not possible to determine the origin of the broad peaks above 15,000 cm -1 . , with emission in red and excitation in blue and black. A broad background emission from Eu 2+ contamination has been subtracted. Radioluminescence emission (b) is shown along with the time dependence of intensity integrated under a selection of emission peaks (inset). As in Figure 1 , data in the inset plot has been scaled for presentation (see online version for colours) Peak RL intensities are plotted in the inset to Figure 3 at 19,608 cm -1 (510 nm), 16,667 cm -1 (600 nm), 12,500 cm -1 (800 nm), and 11,367 cm -1 (880 nm). The initial increase in the 12,500 cm -1 (800 nm) and 11,364 cm -1 (880 nm) emission intensity can be accounted for in the charge transport model [1] mentioned above. The time dependence of these two longer wavelength emission appear independent of accumulated dose for higher doses as absorption from F and F aggregate colour centres in this energy region is negligible. The RL intensity at 19,608 cm -1 (510 nm) does show a small decrease for high doses, which may be explained as absorption owing to radiation induced F aggregate centres [16] . The unassigned emission at 16,667 cm -1 (600 nm) is anomalous, in that it shows a rapid growth and decline followed by a high dose behaviour more consistent with the known radiation induced colour centre absorptions. This emission is of sufficiently low intensity to be influenced by background drift typical of CCD spectrometers.
Conclusions
Both investigated samples exhibited red and near infrared emissions that are potentially useful for fibre optic dosimetry applications, although the extremely weak RL intensity seen in the NaMgF 3 :Nd 3+ sample is likely unviable in practice. All PL emissions of useful intensity were reconciled with the known energy levels of Dy 3+ and Nd 3+ . The measured PL emission lifetime from NaMgF 3 :Dy 3+ is long enough for temporally gated suppression of the prompt Čerenkov and auto-fluorescence stem signal using the temporal gating method. This approach could be realised in conjunction with a suitable medical electron accelerator producing low duty cycle pulsed X-ray radiation. Combined with the significant reduction of Čerenkov intensity expected at near infrared wavelengths, this may provide a viable approach to suppression of such background signals. The emission in narrow spectral lines also permits relatively aggressive spectral filtering. PL lifetimes observed in NaMgF 3 :Nd 3+ are likely too short to allow a similar approach.
